INTRODUCTION {#sec1-1}
============

Hair follicles are dynamic. Vellus to terminal transformation and vice versa occurs physiologically.\[[@ref1]\] Terminal to vellus transformation leading to hair follicle miniaturization occurs pathologically in male and female patterned hair loss (FPHL), alopecia areata (AA), secondary syphilis, and traction alopecia.

Hair follicle miniaturization has been extensively studied in the context of male pattern hair loss (MPHL). The relationship between hair cortex diameter, hair matrix size, and volume of the dermal papilla is well described,\[[@ref2][@ref3]\] and disruption of this relationship may result in follicle miniaturization.\[[@ref4]\]

One of the most striking features of MPHL and FPHL is the highly reproducible pattern of hair loss which on a large scale affects certain zones of the scalp preferentially and on a smaller scale hairs within follicular units (FU) are preferentially affected resulting in FUs normally containing 3-5 terminal hairs being reduced to 1-2 terminal hairs and 2-3 vellus hairs.\[[@ref5]\]

FU are collections of 3-5 hairs surrounded by a fibrous connective tissue sheath, served by a single arrector pili muscle (APM) \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref6][@ref7]\] The hairs often emerge on the scalp through a single pore. Montagna and Carlisle observed these on freeze fracture images of the under surface of 6-month-old human fetal scalp.\[[@ref8]\] He described primary and secondary follicles; however, the follicular structures seen on the adult scalp most likely represent compound primary follicles like those seen in the possum, rabbit, and lemur, rather than true secondary follicles as described in sheep. These compound primary follicles are not to be confused with Meijere\'s trio groups of primary follicles that cycle in phase.\[[@ref9]\]

![The follicular unit; composed of 2-3 terminal follicles, 1-2 vellus follicles, a sebaceous gland, and an arborising APM (H and E 40×)](IJT-4-154-g001){#F1}

AA also results in follicular miniaturization.\[[@ref10]\] However, in contrast to androgenetic alopecia which is of gradual onset and at best only partially reversible, AA has an abrupt onset, is unpredictable, has no specific pattern, and is completely reversed with successful treatment.\[[@ref11]\]

The APM attaches to the outer root sheath (ORS) of the follicle at the level of the bulge at the trochanter.\[[@ref7][@ref12][@ref13]\] The bulge is the main repository of epithelial stem cells and inflammation at the bulge is the hallmark of primary cicatricial alopecia.\[[@ref14]\] The APM in human beings is thought to be vestigial in nature but recent evidence shows that the APM attaches to all the follicles within an FU.\[[@ref7][@ref12]\] However, interactions between the APM and the bulge as a correlate of follicle miniaturization have not been investigated.

We were interested in whether there were anatomical differences in the miniaturized follicles that might predict reversibility of miniaturization and in particular whether contact between the bulge and the APM is required in order to reverse miniaturization. In testing this hypothesis, we compared APM attachment in AA, where follicle miniaturization is reversible, with MPHL and FPHL where hair follicle miniaturization is either irreversible or only partially reversible.

MATERIALS AND METHODS {#sec1-2}
=====================

Four millimeter scalp punch biopsies were taken from patients with MPHL, FPHL, AA, and chronic telogen effluvium (CTE) as part of their routine care. As scalp biopsies from normal hair are difficult to attain, CTE was used as the control. Histology of CTE is similar to normal scalp. Although in CTE, the anagen to telogen ratio is 8 : 1 compared with 14 : 1 in normal scalp, the total number of hairs and the T : V hair ratio (mean, 8 : 1) resembles that of normal scalp.\[[@ref15]\] Biopsies were horizontally sectioned and stained with Mason\'s Trichrome to distinguish the red-staining APM from the surrounding blue collagen. An Optronics Camera was used to take digital photograph of each section and saved in JPEG format.

Using the Reconstruct software, as developed by J. C. Fiala and K. M. Harris at Boston University, MA, USA (<http://synapses.mcg.edu/tools/index.stm>), the sequential sections were aligned manually using three points on fixed structures of successive sections.\[[@ref16]\] Each hair follicle was then individually traced and arbitrarily allocated a green color. Next, the surrounding APM was traced on each successive section. Where there was a cluster of closely aligned muscle fibers associated with an FU, a single line was used to join them. The AP was allocated a blue color. The Boissonnat surface was then selected to generate a three-dimensional view. Comparison was made between three-dimensional reconstructions of the follicles and the APM of the four different hair loss entities.

RESULTS {#sec1-3}
=======

In AA, all miniaturized follicles within a FU maintained contact with the APM. In MPHL, all the follicles within the FU were miniaturized and a uniform loss of contact between the APM and bulge was demonstrated. In FPHL where individual FU demonstrated heterogeneity in miniaturization, the follicle closest to the insertion of the APM appears to be the most resistant to miniaturization. This follicle had the largest surface area of attachment to the APM. Residual terminal hair follicles generally maintained contact with the APM, but adjacent miniaturized follicles within the FU lost contact between the APM and the bulge. In CTE, there was no hair follicle miniaturization and all the APM demonstrated the most intimate attachment with the most proximal hair follicles and lesser degrees of attachment with the more distal follicles \[[Table 1](#T1){ref-type="table"}\].

###### 

Summary of the proportion of hair follicles maintaining contact with the arrector pili muscle

![](IJT-4-154-g002)

DISCUSSION {#sec1-4}
==========

In MPHL and FPHL, where follicle miniaturization is either irreversible or only partially reversible, there was a consistent loss of attachment of the APM to vellus hair follicles. This was in contrast to potentially reversible AA, in which the APM maintained contact with the ORS of the miniaturized secondary vellus follicles \[[Figure 2](#F2){ref-type="fig"}\].

![Three-dimensional reconstructions of AA (a) and FPHL (b) demonstrating the loss of contact of the APM with the ORS of the vellus hair follicle in FPHL which is largely irreversible compared with maintenance of this contact of the APM with ORS in AA which is potentially completely reversible](IJT-4-154-g003){#F2}

Song *et al*., in their three-dimensional reconstruction of the FU, demonstrated that the APM attached to all the hair follicles within the FU, with tightest attachment to one follicle in particular.\[[@ref7]\] In our reconstructions of CTE, we demonstrate a similar phenomenon. Furthermore, in FPHL, we found that the persisting terminal hairs largely maintain contact between the AP and the ORS.

The concept of primary and secondary hair follicles in sheep and compound primary follicles in some mammals is well described. Despite the work of Montagna, this concept has not received much attention in human beings. We have previously postulated that in FPHL, there is a hierarchy of androgen responsiveness within FU, with preferential miniaturization of secondary follicles.\[[@ref5]\] Thus, the primary follicles may be those with the most intimate association with the AP, as well as the least susceptibility to miniaturization. The more susceptible secondary follicles may be those with less intimate contact with the APM.

The loss of intimate interaction between the APM and the follicle in irreversible hair loss is unlikely to be coincidental and several hypotheses may account for this phenomenon. It may be that the APM serves as a source of stem cells to help maintain the follicle. Perhaps more likely, the APM support or stimulate stem cell populations in the bulge or dermal sheath, via as yet uncharacterized biochemical or mechanical mechanisms. Loss of contact with the APM would then induce miniaturization by disrupting the function of stem cells resident in the follicle itself. Finally, the regression of the APM may be the result of a disease process that disrupts a stem cell population which maintains the APM as well as the follicle. Notably, follicular stem cell populations have been shown to undergo smooth muscle or skeletal muscle differentiation *in vitro*.\[[@ref17]\]

In conclusion, we have identified loss of contact between the APM and the ORS in miniaturized hairs in MPHL and FPHL. In FPHL, the persisting terminal hair maintains contact with the APM. In contrast, all the miniaturized hairs in AA maintain contact with the APM. We propose that the persisting contact between the APM and ORS predicts reversibility of miniaturization.

In addition, we propose that in FPHL, where there is a hierarchy of androgen sensitivity within FUs, the persisting terminal hairs represent primary follicle within the FU and that the miniaturized follicles that lose contact with the AP represent the secondary follicles.

It remains unclear whether APM regression is a cause or effect of permanent follicle miniaturization and further studies are required to characterize the role of APM regression in the etiology of hair growth disorders.
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